The decrease in pre-capillary resistance in the human calf during gradual cumulative increases in venous congestion pressure has been proposed to represent vasodilator signalling between the venous and arterial microcirculations. The present study investigated whether prostaglandins are involved in this local flow regulation by measuring calf blood flow and microvascular filtration capacity using strain gauge plethysmography in young male subjects before (baseline) and after taking either ibuprofen, an inhibitor of prostaglandin synthesis (1600 mg over 2 days), or placebo. At baseline, inflation of a thigh cuff to 50 mmHg in steps of 10 mmHg, each held for 5 min, did not decrease arterial inflow, confirming a reduction of pre-capillary resistance. Ibuprofen reduced resting calf blood flow by 35 % (P < 0.001), but flow at a P cuff (cuff pressure) of 50 mmHg was 97 % of this value, i.e. pre-capillary resistance had decreased to the same extent as before inhibition of prostaglandin synthesis. Ibuprofen also reduced microvascular filtration capacity (2.98 + − 1.20 compared with 3.71 + − 0.89 ml · min −1 · 100 ml −1 · mmHg −1 × 10 −3 ; P < 0.05), probably due to a combination of reduced arterial inflow and lower venous pressure (8.5 + − 5.2 compared with 12.6 + − 2.8 mmHg; P < 0.05) that moderated capillary hydrostatic pressure to override direct effects of inhibition of prostaglandin synthesis on permeability. Placebo was without effect on any measurement. It is unlikely therefore that prostaglandin-mediated vasodilator signals, which have been demonstrated between paired veins and arteries, are important in local vasodilation in response to venous congestion.
INTRODUCTION
In human limbs, distension of the veins by limb dependency or inflation of a venous congestion P cuff (cuff pressure) above 25 mmHg induces a locally mediated precapillary vasoconstriction known as the veni-arteriolar response [1] . This has been demonstrated as a decrease in blood flow measured in whole limbs by venous occlusion plethysmography [2] , in skin using laser Doppler fluxmetry [3] , and in skin, subcutaneous tissue and skeletal muscle using xenon clearance [1, [4] [5] [6] . The response is believed to be triggered by stretch of receptors in small veins [7] and the communication from venous to arteriolar vessels signalled via a local sympathetic neural pathway [1, [4] [5] [6] [7] [8] , which is non-adrenergic [8] .
In contrast, Gamble et al. [9] found that, when venous pressure in the calf was elevated gradually in small cumulative steps of < 10 mmHg by a congestion cuff, arterial blood flow did not decrease as expected, even when congestion pressure reached 50 mmHg or higher. Pre-capillary resistance was therefore apparently adjusted to preserve flow, a fact confirmed by maintenance of arterial flow velocity in the popliteal artery. Gamble et al. [9] proposed that, in order for flow to be maintained despite the reduction in arterial-venous pressure difference, vasodilator veni-arteriolar signalling may occur by retrograde transmission through an endothelial pathway. It was later shown [10] that in the pathological condition of pre-eclampsia, where endothelial function is impaired, calf blood flow did indeed fall as venous congestion pressure was raised, in association with raised plasma levels of markers of endothelial dysfunction such as E-selectin, ICAM-1 (intercellular cell-adhesion molecule-1) and VCAM-1 (vascular cell adhesion molecule-1). This supports the concept of an endothelial pathway providing a link between veins and arteries in the regulation of flow.
On the arteriolar side of the microcirculation, there are many examples of longitudinal transmission of vasodilator signals between downstream and upstream vessels in skeletal muscle and other tissues [11] [12] [13] , and skeletal muscle arterioles can even be dilated by retrograde signals originating in capillaries [14] . This retrograde conduction of vasodilation takes place via gap junctions between vascular smooth muscle and endothelium, and involves NO (nitric oxide), prostaglandins or EDHF (endothelium-derived hyperpolarizing factor) [11, 15] . With regard to the passage of vasodilator signals from venous to arteriolar vessels, there are two possible pathways. One is by transmission through the interposing capillary endothelial network, which may operate by conducted hyperpolarization through capillary endothelial cell gap junctions and is abolished by NO synthase inhibitor administration [16] . An alternate route for veniarteriolar communication is based on the fact that in many organs these inflow and outflow vessels lie anatomically paired and are therefore able to communicate directly, bypassing the capillary network. Substances released from venules can diffuse to paired arterioles and alter precapillary resistance [17] [18] [19] , and specific application to venules of acetylcholine [20] , adenosine [21] or ATP [22] caused dilation of adjacent arterioles. On the basis that indomethacin abolished the dilation of paired arterioles in response to ATP [22] , it was proposed that endothelialderived cyclo-oxygenase products are the most important mediators of paired veni-arteriolar communication [19] .
These two pathways are not mutually exclusive and it is possible that more than one mediator contributes to each route of signal transmission. However, on the basis that prostaglandins have been shown to be predominant mediators of communication between paired veins and arteries, the purpose of the present study was to test whether they contribute to the transmission of vasodilator signals during small cumulative increments in venous congestion pressure. The protocol of small cumulative congestion steps provides additional information on microvascular fluid filtration capacity in human limbs [23, 24] , which may shed further light on the role of prostaglandins in local vascular control.
METHODS

Experimental design and subjects
Sixteen young healthy male subjects [age, 23 + − 2 years (range, 20-25); height, 182 + − 8 cm; weight, 79.5 + − 8.7 kg; all values are means + − S.D.] volunteered to participate in the study. The study was approved by the University of Birmingham Local Ethics Committee, and subjects gave their written informed consent. They were screened for cardiovascular risk factors, general health and intolerance to NSAIDs (non-steroidal anti-inflammatory drugs) by means of a questionnaire. Subjects were requested not to take any non-prescribed medication during the testing period, to refrain from alcohol for 24 h before a test and to avoid caffeine consumption on the day of a test. All testing was performed at the same time of day and at least 3 h after eating.
Calf blood flow and K f (microvascular filtration capacity) were assessed in each subject on two occasions in a double-blind study completed within 1 week. After the first testing session, subjects were randomly assigned to take ibuprofen or placebo for 2 days before the second test, resulting in two groups of eight subjects each tested at baseline and following intervention.
Measurement of blood flow and filtration capacity
Subjects lay supine on a couch covered with an evacuable mattress which was moulded to support their lower limbs at heart level, so that appropriately sized plethysmographic mercury-free strain gauges and combined surface temperature gauges (DOMED Medizintechnik) [25] could be placed around the mid-region of each calf. Thigh pressure cuffs and strain gauges were connected to a Filtrass 2001 plethysmograph (DOMED Medizintechnik). Using Filtrass software (version 2.03d US; DOMED Medizintechnik), the thigh cuffs were automatically and rapidly inflated (> 3 mmHg/s) to preset pressures for pre-determined durations to allow measurement of limb swelling due to either arterial inflow or fluid filtration. MAP (mean arterial pressure) and HR (heart rate) were measured by an automated sphygmomanometer (Critikon Dynamap) every 3 min throughout the testing protocol.
Protocol
After a 30 min period of quiet supine rest, calf blood flow was measured simultaneously in both legs from the rate of limb swelling in response to brief (< 10 s) thigh cuff inflations to 50 mmHg, and this was repeated 
Dosing protocol
Subjects were requested to take either ibuprofen (1200 mg/day, as 400 mg capsules; The Boots Company) or placebo (starch capsules) at regular intervals during the 2 days preceding the second test session. On the morning of the test, they consumed a further capsule, either 400 mg of ibuprofen or placebo, approx. 2 h before the session. This dose of ibuprofen was shown previously [26] to slow platelet aggregation times significantly in blood samples taken both at rest and after occluded forearm exercise. Vascular resistance at each step of venous congestion was calculated from the averaged calf blood flow and the corresponding perfusion pressure, taken as MAPvenous pressure, this latter assumed to be equal to the applied P cuff [27] . Blood flow and vascular resistance at the end of each sustained period of venous congestion were expressed as percentages relative to resting values. K f was estimated from the relationship between rate of limb swelling during the last 2 min at each pressure step and P cuff [23, 25, 28, 29] . The protocol of small incremental increases in congestion pressure also allowed determination of Pv i (isovolumetric venous pressure), the P cuff that has to be exceeded before limb volume changes due to fluid filtration [28] , and Pv est (estimated venous pressure) from the relationship between rapid vascular filling and P cuff [24, 27] . For each subject, values of K f , Pv i and Pv est were averaged from both legs.
Paired comparisons of baseline variables within each group were made by the Wilcoxon signed ranks test.
Comparisons between blood flow at rest and during cuff inflation for ibuprofen and placebo conditions were made by repeated measures ANOVA. Statistical tests were performed using Statview version 5.0 (SAS Institute Inc.), with significance set at the 5 % level. All data are expressed as means + − S.D., unless otherwise stated.
RESULTS
The age and height of the subjects assigned to the experimental or placebo groups were not significantly different (age, 24 + − 1 and 22 + − 2 years respectively; height, 179 + − 9 and 185 + − 7 m respectively). Table 1 shows that, following consumption of a total of 2800 mg of ibuprofen over 2 days, resting HR had decreased significantly (P < 0.05) by approx. 8 beats/min, whereas MAP (mean arterial pressure) was unchanged. There were no differences in HR or MAP between the two test sessions in the group taking the placebo.
Initially, average calf blood flow was similar in the ibuprofen and placebo groups (2.50 + − 0.18 compared with 2.15 + − 0.18 ml · 100 ml −1 · min −1 respectively; P value was not significant). Throughout progressive venous congestion of both legs simultaneously there were no significant changes in MAP in either group on either test occasion ( Figures 1A and 1B) . Figure 1 also shows that calf blood flow determined at different P cuff during cumulative venous congestion did not decrease with the reduction in perfusion pressure in either the placebo ( Figure 1C ) or ibuprofen ( Figure 1D) groups. Blood flow at a P cuff of 50 mmHg was − 6 + − 8 % of resting flow (P value was not significant) for both groups combined, confirming the maintained flow due to precapillary adjustment observed by Gamble et al. [9] .
Ibuprofen consumption led to a significant decrease (P < 0.001) in resting calf blood flow compared with pre-treatment (1.74 + − 0.26 compared with 2.50 + − 0.18 ml · 100 ml −1 · min −1 respectively), whereas there was no change in the placebo group (2.24 + − 0.18 ml · 100 ml −1 · min −1 compared with 2.15 + − 0.18 ml · 100 ml −1 · min −1 before treatment; P value was not significant). Under
Figure 1 Effect of treatment without or with ibuprofen on MAP (A and B) and calf blood flow (C and D) during cumulative venous congestion to 50 mmHg
Values are means + − S.E.M. for subjects before (open symbols) and after (closed symbols) taking either placebo or ibuprofen (a total of 2800 mg over 2 days) to inhibit prostaglandin synthesis. In the protocol, each P cuff step was held for 5 min.
Figure 2 Effect of treatment without or with ibuprofen on calf vascular resistance during cumulative venous congestion to 50 mmHg
Calf vascular resistance, expressed relative to resting resistance (= 100 %; means + − S.E.M.) is shown against P cuff during cumulative venous congestion for subjects before (open symbols) and after (closed symbols) taking either placebo or ibuprofen (a total of 2800 mg over 2 days) to inhibit prostaglandin synthesis. In the protocol, each P cuff step was held for 5 min. Regression slopes for the relative change in resistance were not significantly different between pre-and post-treatment between or within groups.
these conditions, calf blood flow still remained constant throughout the cumulative venous congestion protocol ( Figures 1C and 1D ). Since perfusion pressure declined, but arterial inflow remained the same, vascular resistance [measured in PRUs (peripheral resistance units)] decreased by approx. 50 % (P < 0.01) throughout the protocol, indicating integrity of the veni-arteriolar signalling pathway. Figure 2 shows the change in vascular resistance during venous congestion relative to that at rest for the groups before and after ibuprofen or placebo treatment. Although resting calf resistance was significantly higher (P < 0.02) after ibuprofen treatment than before (54 + − 8 compared with 33 + − 2 PRUs respectively), the relative decrease in resistance during venous congestion was similar in both conditions ( Figure 2B ). Table 2 shows that K f measured over the cumulative venous congestion protocol was significantly decreased (P < 0.02) by 23 % after ibuprofen consumption, whereas there was no change after placebo. Pv i was not different 
DISCUSSION
The present study demonstrated that neither calf blood flow nor MAP changed during cumulative small increases in venous congestion pressure, and that calf vascular resistance was thus reduced as perfusion pressure decreased. This response was unaffected by inhibition of prostaglandin synthesis inasmuch as calf blood flow after ibuprofen intake did not decline during venous congestion, despite the fact that ibuprofen resulted in a 35 % reduction in basal resting flow. Similar decreases in resting flow have been observed in forearms after aspirin treatment [30, 31] , implying that release of prostaglandins contributes to basal limb vessel tone. The dosing regimen used in the present study was the same as that used by Shoemaker et al. [26] , who demonstrated its effectiveness by the slowing of platelet aggregation times. They also reported a significant reduction in resting HR, and the finding of a similar 10 % lowering of resting HR in ibuprofen-treated subjects confirms the drug's action. Other studies have confirmed that ibuprofen administered at the same dose as in the present study (1200 mg/day) maintains therapeutically effective plasma levels for up to 15 h after administration [32] and reduces by half the 24 h urinary excretion of a prostaglandin E 2 metabolite [33] . The observation that the decrease in limb vascular resistance during cumulative small increases in venous congestion pressure was unaffected by ibuprofen intake discounts the possibility that prostaglandin-mediated communication of dilator signals between venular and arteriolar vessels is involved. The hypothesis that prostaglandins might be involved in veni-arteriolar communication was based on studies of rat skeletal muscles showing that dilation of adjacent arterioles occurred in response to increases in venular shear rate [34] or venular application of acetylcholine [20] and that paired arteriolar dilation to metabolite release during functional hyperaemia could be attenuated by indomethacin [35] .
Hester and Hammer [19] proposed that the stimulus for production of arachidonic acid metabolite release from venules could be hypoxia-induced ATP release from red blood cells during increased tissue metabolism, since ATP injection into hamster cremaster muscle arterioles caused dilation of paired arterioles that was inhibited by indomethacin [22] . During venous congestion of the lower limb using cumulative small increases in P cuff over 30 min, Christ et al. [36] found no change in oxygenated haemoglobin measured in calf tissue by nearinfrared spectroscopy, and Ireland et al. [37] reported normal values for Po 2 (partial pressure of oxygen) in venous blood at the end of a 5 min forearm venous occlusion. These findings indicate that it is unlikely that there is an adequate hypoxic stimulus during the protocol of cumulative venous congestion to evoke venular prostaglandin release and mediation of paired arteriole dilation. However, prostacyclin release from isolated canine veins was increased by higher perfusion pressures [38] , and it was therefore considered possible that the raised intravenous pressure during cuff inflation [27] could act as a stimulus to prostaglandin release and paired arteriolar dilation.
The present findings preclude prostaglandin involvement in the veni-arteriolar communication that maintains blood flow to the calf during cumulative venous congestion. This would suggest that signalling between paired venous and arterial vessels, in which prostaglandin mediation is established, is not of major importance, although it does not rule out the possibility that other mediators, such as adenosine [21] or NO [39] , may act as diffusible mediators between paired vessels and could substitute for prostaglandins. The alternate pathway for transmission of signals in response to venous distension that allow pre-capillary vessels to dilate and maintain flow remains a transcapillary route. There is no evidence to date that prostaglandins are involved in this pathway or even that they play a large role in conducted arteriolar dilation [15] . Veni-arteriolar vasodilator signalling that traverses the capillary network has been demonstrated in the microvasculature in hamster cheek pouch retractor muscle in response to venular application of ATP [16] . In rat skeletal muscle, there is evidence of retrograde signalling of vasodilator signals between capillaries and their parent arterioles that can be attenuated by gap junction uncouplers [40] , suggesting inter-endothelial cell coupling, at least between these sections of the microcirculation. Whether such coupling extends between venular and arteriolar segments is as yet not known, but it would represent an important endothelial pathway for modulation of pre-capillary resistance in response to local conditions. It had been expected that, if inhibition of prostaglandin synthesis eliminated retrograde vasodilator signals during gradual venous congestion, blood flow would have decreased during this procedure. This was not the case, even though baseline resting blood flow post-ibuprofen treatment was lower than in the placebo group. However, K f was reduced by ibuprofen treatment. This was unexpected in view of the reported effects of prostaglandins and their inhibition on capillary filtration in animal muscles. Administration of prostacyclin reduced the capillary filtration coefficient in isolated cat muscles by 25 % [41, 42] , an effect confirmed by its ability to counter increases in permeability induced by inflammatory mediators such as histamine or TNF-α (tumour necrosis factor-α) [43] . Conversely, inhibition of prostaglandin synthesis by indomethacin increased capillary permeability by 25 % in the same model [44] . These effects were thought to be due to modification of hydraulic permeability but independent of changes in vascular tone [42] . On the other hand, Gamble [24] has shown that fluid flux in the lower leg was reduced, attributable to flow-limited exchange, when pre-capillary resistance was increased by a large venous congestion pressure step that activated the veni-arteriolar vasoconstrictor response, or by central mechanisms activated during passive headup tilt. Therefore the reduced K f measured in ibuprofentreated subjects in the present study may be a consequence of the overall reduction in blood flow in the resting condition. Furthermore, inhibition of prostaglandin synthesis by ibuprofen led to a reduction in Pv est , calculated from the volume-P cuff relationship during the cumulative venous congestion protocol. Chronic indomethacin treatment has been observed to increase the diameters of post-capillary venules in rat skeletal muscle [45] , which would imply a lowering of post-capillary resistance. It is likely that the combined effects of lower resting blood flow, signifying pre-capillary constriction, and lower post-capillary resistance reduced capillary hydrostatic pressure so as to override any direct effect of prostaglandin synthesis inhibition on permeability, thereby accounting for the lower microvascular filtration we recorded in the present study.
In conclusion, the present study indicates that the means by which pre-capillary resistance is adjusted to maintain flow in the human calf during cumulative venous congestion does not involve prostaglandins and, therefore, the exact mechanism remains to be determined. However, the evidence of impaired retrograde transmission of vasodilator signals during cumulative venous congestion in a known condition of endothelial dysfunction, pre-eclampsia [10] , highlights the importance of endothelial connectivity between venular and arteriolar circulations in maintenance of normal vascular reactivity.
